The hematopoietic microenvironment (HIM) of mouse spleen predominantly induces the differentiation of hematopoietic progenitors into erythroid lineage in vivo. However, the mechanisms of this phenomenon have not been fully explored because of the lack of an adequate in vitro system mimicking the spleen hematopoiesis. To reconstruct the HIM of mouse spleen in vitro, we established spleen stromal cell lines from a three-dimensional (3D) spleen primary culture in collagen gel matrix. Of these, SPY3-2 cells were negative for preadipocytic and endothelial markers, had a fibroblastoid morphology, and were not converted to adipocytes in the presence of 1 pmol/L hydrocortisone. They supported the maintenance and multilineal differentiation of hematopoietic progenitor cells for more than 8 weeks in vitro. The differentiated hematopoietic cells in the coculture medium were predominantly monocytes rather than granulocytes.
HE IDEA OF A HEMATOPOIETIC microenvironment (HIM) was first suggested by Trentin et al"' By comparing spleen and bone marrow (BM) colonies 7 days after BM transplantation into lethally irradiated mice, they showed that the stroma of the mouse hematopoietic organ determined the differentiation of hematopoietic stem cells (HSCs). Using a steel mouse as a recipient, they found that the HIM of mouse spleen was largely dependent on steel factor (c-kit ligand). After this investigation, Dexter et a1 established a system of long-term BM culture (LTBMC) to analyze the HIM of BM.3 Under these culture conditions, adherent BM stromal cells reconstructed the HIM and supported the differentiation and proliferation of hematopoietic progenitor cells for several months in vitro. It has also been shown that clonal stromal cell lines derived from BM support the long-term proliferation of hematopoietic cells, and the HIM of BM has been investigated at both the cellular and molecular level by analyzing the function of such stromal cell line^.^"^ With regard to the mouse spleen, some investigators have attempted to induce long-term hematopoiesis on the stromal cell layers obtained from mouse spleen using the same culture system as the LTBMC. However, hematopoiesis on this layer continued for only a few week^.'^.'^ Clonal cell lines derived from spleen stroma that support the long-term hematopoiesis in vitro have yet to be established. Consequently, the HIM of the spleen has not been sufficiently investigated, in contrast with that of BM.
We recently reported morphologic observations of threedimensional LTBMC in collagen gel matrix."*18 Under these culture conditions, sinusoid-like capillary networks were reconstructed and fibroblastic cells, adipocytes, and hematopoietic cells proliferated as in the BM in vivo; stromal cells grew well and appeared to be more differentiated than in Dexter-type culture. On the basis of these findings, we established spleen stromal cell lines, the SPY series, from threedimensional culture of spleen in collagen gel matrix to obtain cell clones that were more differentiated than those cultivated two dimensionally on culture dishes. In this study, we found that one of these stromal cell lines, SPY3-2, supported Furthermore, erythropoiesis was predominantly induced in the presence of 2 U/mL erythropoietin and continued for more than 12 weeks. The number of burst-forming unitserythroid (BFU-E) was increased 10 times after 3 weeks of coculture, which was followed by pronounced production of erythroid cells in the coculture after week 4. SPY3-2 expressed high levels of c-kit ligand and low levels of granulocyte macrophage colony-stimulating factor and interleukin-3, and these molecules were all invoked in this long-term erythropoiesis. Thus, the clonal SPY3-2 cell line will provide a novel HIM in vitro analogous to that of mouse spleen in vivo. These results suggest that 3D collagen gel culture may facilitate the establishment of functioning stromal cell lines of hematopoietic organ. 0 1995 by The American Society of Hematology.
long-term hematopoiesis in vitro that was analogous to that of spleen in vivo.
MATERIALS AND METHODS
Mice. Male C3WHe mice, 8 to 12 weeks old, were purchased from Charles River Japan (Yokohama, Japan) and used for the following experiments.
Establishment of cell lines. Mice were killed by cervical dislocation and the spleens were excised and minced with scissors under aseptic conditions. The small fragments were washed three times with Iscove's modified Dulbecco's medium (IMDM; GIBCO, Grand Island, NY), collected, suspended in 1 mL. of Fisher's medium (GIBCO), mixed with 1 mL of type I collagen solution (Cellmatrix Ia; Nitta Gelatin CO Ltd, Tokyo, Japan), and reconstituted as reported previ~usly."~'~ This mixture was plated onto the center of 35-mm Petri dishes (0.5 mL per dish; Falcon 3001; Becton Dickinson, Oxnard, CA) and allowed to gel at 37°C for 15 minutes. The gels were then overlaid with 2 mL of Fisher's medium containing 20% horse serum (HS; HyClone Laboratories, Logan, UT) and 1 pmoVL hydrocortisone hemisuccinate (HC) and incubated in a humidified atmosphere of 5% CO, in air at 37°C. Each dish contained 10 to 20 spleen fragments, each about l-mm in diameter. Half of the medium in the dishes was changed twice a week. Three to 4 weeks after cultivation, capillary and stromal networks had become reconstructed in the collagen gel, along with hematopoietic foci (data not shown). The regions of the gels in which stromal networks were well-developed were located with a phase-contrast microscope, excised with a sterilized blade, mixed with 2 mL of 0.25% collagenase (Type I; Sigma, St Louis, MO) dissolved with IMDM in a disposable 31 08 TSUCHIYAMA, MORI, AND OKADA tube and digested at 37°C for 20 minutes. Isolated cells were collected by centrifugation at 1, OOO rpm for 3 minutes, rinsed four times with IMDM containing 1% heat-inactivated fetal bovine serum (FBS; Sank0 Junyaku CO Ltd, Tokyo, Japan), and plated with 2 mL of IMDM containing 20% FBS in a 35-mm Petri dish. This dish was incubated at 37°C in a humidified atmosphere of 5% COz in air. Adherent cells were subcultured once a week; they were detached with 0.05% trypsin containing 0.5 mmoVL EDTA (GIBCO) and plated at 50% of confluent density. After third passage, these stromal cells were stored frozen and used in subsequent experiments. After the seventh passage, the cells grew rapidly and were plated at 20% of confluent density. After the 17th passage, the cells were cloned twice by the limited dilution method; the morphologically characteristic cell lines SPY3-2 and SPY8-1 were established and were used for following experiments.
Immunocytochemical and cytochemical analysis of stromal cell lines. Stromal cell lines were seeded onto sterile coverslips (12-mm diameter; Matsunami, Tokyo, Japan) at a density of 1 X IO4 cells per coverslip, and cultured in 24-well culture plates (Falcon 3047; Becton Dickinson, Lincoln Park, NJ) with 1 mL of IMDM containing 20% FBS. After 7 days, some coverslips were rinsed with IMDM, air dried, and fixed with acetone for 5 minutes at room temperature. Coverslips were subjected to immunocytochemical staining with anti-von Willebrand factor antibody, antilaminin antibody (Dakopatts, Glostrup, Denmark), and anticollagen type IV antibody (Advance, Tokyo, Japan), employing the avidin-biotin-peroxidase complex (ABC) method." Briefly, these coverslips were pretreated with normal serum and incubated with the first antibody. After sufficient washing with phosphate-buffered saline (PBS), they were incubated with the biotinylated second antibody for 30 minutes. After further washing with PBS, they were incubated with ABC for 60 minutes After further washing with PBS, they were stained for peroxidase activity with 0.2 mg/mL 3,3' diaminobenzidine tetrahydrochloride and 0.02% hydrogenperoxide in PBS.
Other coverslips were stained cytochemically for alkaline phosphatase, acid phosphatase, and a-naphthyl butyrate esterase, or were subjected to fat staining with oil red 0.
Coculture of stromal cell lines with BM nonadherent cells. Stromal cell lines and primary stromal cells after third passage were inoculated at 2 to 4 X lo4 cells/35-mm Petri dish with 2 mL of IMDM containing 20% FBS. The cells reached confluence after 1 week and the cell lines were then used for the coculture experiment; confluent monolayer of primary stromal cells were irradiated with 9.0 Cy to remove the residual hematopoietic cells, and used for coculture experiments.
BM was flushed from a mouse femur with IMDM containing 20% FBS. The marrow was gently dispersed by being passed several times through a 26-gauge needle, and was then inoculated at a density of 1 X IO6 nucleated cells/mL in a 25-cmZ flask (Falcon 3013). This was incubated for 2 hours and nonadherent cells were then collected. This procedure removed most of the BM adherent cells. These nonadherent cells were inoculated onto a confluent monolayer of each cell line at a concentration of 5 X 10' cellddish, and cocultured with 2 mL of Fisher's medium containing 20% HS and 1 pmoVL HC. Half of the coculture medium was collected and exchanged for fresh medium twice a week, and the number of hematopoietic cells in the coculture medium was counted with a hemocytometer; once a week, cytospin preparations were made and the cells were stained with Giemsa solution for morphologic analysis.
At weekly intervals, the coculture dishes were observed under a phase-contrast microscope, and the number of hematopoietic foci, ie, areas with a cobblestone-like appearance containing more than 50 hematopoietic cells, was counted. After these observations, hematopoietic cells in cocultures were procured as reported previously? and colony-forming unit-spleen (CFU-S) and colony-forming unitculture (Cm-C) assays were performed weekly in four coculture dishes.
Erythropoiesis-supporting activity of SPY3-2. To examine the capacity of SPY3-2 to support erythropoiesis, we added 2 U/mL of recombinant human erythropoietin (rhEPO; Chugai Pharmaceutical, Tokyo, Japan) to the coculture medium from the beginning of coculture. Half of the coculture medium was collected and exchanged twice a week for fresh medium containing rhEPO. The number of hematopoietic cells in the coculture medium was counted with a hemocytometer; the cells were cytocentrifuged for Giemsa and immunoperoxidase staining with monoclonal antimouse erythrocyte band 3 protein antibody (kindly provided by Dr Y. Sadahira, Kawasaki Medical School, Kurashiki, Japan)."
Immunocytochemical and cytochemical analysis of hematopoietic foci formed in SPY3-2 monolayers. SPY3-2 was seeded onto sterile cover slips 12-mm in diameter in a 24-well plate (Falcon), at a density of 1 X IO4 cells per cover slip, and cultured with 1 mL of IMDM containing 20% FBS for 1 week. BM nonadherent cells, at a density of 1 X IO5 cells per well, were inoculated onto these stromal cell layers and cocultured with 1 mL of coculture medium. At weekly intervals, these coverslips were subjected to immunocytochemical staining with anti-Thy-l antibody, anti-B220 antibody (Phanningen San Diego, CA), antimouse-erythrocyte band 3 protein antibody, and anti-von Willebrand factor antibody, using the ABC method.
Other coverslips were cytochemically stained for esterase with (Inaphthyl butyrate and naphthol AS-D chloroacetate (Muto Chemical, Tokyo, Japan).
CFU-S and CFU-C assay. The numbers of CFU-S in cocultures were determined by the method of Till and McCulloch." Procured hematopoietic cells from the cocultures were injected into mice lethally irradiated with 8.5 Cy, and macroscopic colonies on the surfaces of spleens were counted after 12 days. The numbers of CFU-C in cocultures were assayed by using a soft agar culture system, as reported previously." Hematopoietic cells procured from cocultures were inoculated into 35-mm Petri dishes with 1 mL of ( I minimal essential medium (aMEM; GIBCO) containing 0.6% agar, 20% conditioned spleen cell medium stimulated by pokeweed mitogen, and 20% FBS for CFU-C assay. These dishes were cultured and colonies consisting of 50 or more cells were scored on day 7 for CFU-C assay.
Erythroid progenitor assay for the Epo-added coculture. The numbers of CFU-E and BFU-E in erythroid-inducing cocultures were determined using a methylcellulose culture system. Briefly, the hematopoietic cells procured from erythroid-inducing cocultures were inoculated into 35-mm Petri dishes with 1 mL of aMEM containing 1.2% methylcellulose, 30% FBS, 100 mmoVL 2-mercaptoethanol (Stemcell Technologies Inc, Vancouver, Canada), 2 U/mL of rhEPO, 20 ng/mL of mouse recombinant c-kit ligand, 100 U/mL of mouse recombinant interleukin-3 (IL-3; Genzyme Corp, Boston, MA). Erythroid colonies and bursts were then counted at day 2 and day 7, respectively.
Assay of burst-promoting activity (BPA) and colony-stimulating activity (CSA) in the conditioned media of stromal cell line stimulated with IL-la. Confluent monolayers of stromal cell line were stimulated with 10 ng/mL of recombinant human IL-la for 48 hours (IL-ICM) and the conditioned medium was procured. This conditioned medium was filtered through Millipore filters and used for the following experiments.
The BPA and CSA of IL-1CM were examined using a methylcellulose culture system. For BPA assay, the hematopoietic cells were procured at week 16 from erythroid-inducing coculture, which contained very large number of burst-forming units-erythroid (BFU-E), washed three times with IMDM, and cultured in the presence of 50% IL-ICM and 2 U/mL of rhEPO using methylcellulose medium For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
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as mentioned above. For GM-CSA assay, 5 X IO4 BM nonadherent cells fractionated as described above were cultured in the presence of 20% IL-1CM using methicellulose medium as mentioned above. After 7 days, the numbers of erythroid burst colonies and GM colonies were counted. To investigate the role of cytokines in colony formation, we added 1 ,ug/mL of control rat IgG, monoclonal neutralizing anti-IL-3 antibody (AIL-3; Genzyme), or anti-GM-CSF antibody (AGM; Boehringer-Mannheim, Mannheim, Germany) to this methylcellulose medium.
Detection of cytokine antigen in stromal cell lines or in conditioned media by Western blotting analysis. Stromal cell lines were seeded onto a 75-cm2 tissue-culture flasks (Falcon 3024) and cultured with IMDM containing 20% FBS. After confluent monolayers had formed, cells were scraped with a rubber policeman, rinsed three times with PBS, and collected by centrifugation at 1,500 rpm; 5 to 7 X IO6 cells/flask were collected. For SDS-PAGE, the pellet of each stromal cell line was mixed with 1 mL of nonreducing 1 X gel sample buffer and analyzed according to the method of Laemmli using multi-gel 15-25 (Daiichikayaku, Tokyo, Japan).*' After electrophoresis, proteins were transferred onto nitrocellulose membranes, as reported previouslyN and stained with monoclonal neutralizing antimouse-c-kit ligand antibody(AKL; Genzyme), AIL3, or AGM(described above), using the ABC method. IL-1CM of SPY3-2 noted above was also examined with Western blotting.
Detection of IL-3 and GM-CSF proteins by enzyme-linked immunosorbent assay (ELISA). For the assay of IL-3 or GM-CSF in IL-
1CM or coculture media, we purchased ELISA kits (Endogen, Boston, MA); the sensitivity for IL-3 was less than 3 pg/mL; the sensitivity for GM-CSF was less than 5 pg/mL (described in the data sheets). Detection of cytokine mRNA in SPY3-2 by reverse-transcriptase polymerase chain reaction (RT-PCR) method. Total RNA was extracted from lo7 cells of SPY3-2 stimulated with rhIL-la for 12 hours by the guanidinium thiocyanate-CsC1 method. RNA samples were reverse transcribed in a total volume of 20 ,uL in buffer containing 50 mmol/L TRIS-HC1 (pH 8.3). 75 mmoVL KCl, 3 mmoU L MgC12, 10 mmoVL dithiothreitol, 10 mmoVL deoxynucleotide mixture, 100 pmoVL random hexamer oligonucleotides, and 200 U Moloney murine leukemia virus reverse transcriptase (Clontech, Palo Alto, CA). The cDNA was amplified by PCR using specific oligonucleotide primers for rat c-kit ligand; 5"ATGAAGAAGACA-CAAACTTG-3' (sense), 5'-AATATITGAAAACTTGTCCA-3' (antisense), mouse IL-3; 5'-ACCAGCATCCACACCATGCT-3' (sense), 5'-AGATGTAGGCAGGCAACAGT-3' (antisense), mouse GM-CSF; 5'-CATCACTGTCACCCGGCCTT-3' (sense), 5'-TGT-CTATGAAATCCGCATAG-3' (antisense), and P-actin; 5'-ATG-GATGATGATATCGCTGC-3' (sense), 5"CATGATCTGGGT-CATC?TIT-3' (antisense) as reported previou~ly.'~~'~ The PCR cycle was repeated 35 times for P-actin and c-kit ligand, and 45 times for IL-3 and GM-CSF; a fraction of each sample was electrophoresed in 3% agarose, stained with ethidium bromide, and visualized under ultraviolet illumination. The length of RT-PCR products were P-actin, 340 bp; c-kit ligand, 272 bp; IL-3, 310 bp; GM-CSF, 299 bp.
Inhibition of hematopoiesis by neutralizing anticytokine antibodies. To investigate the role of cytokines in the long-term hematopoiesis supported by SPY3-2, we added AKL, AIL-3, or AGM to the coculture medium. AKL was added at a concentration of 0.2 or 2 &mL; AIL-3 and AGM were each added at a concentration of 1 pg/mL and preincubated with the stromal cells for 30 minutes before inoculation of BM nonadherent cells. Twice weekly, half of the medium was exchanged for fresh medium containing antibody. Four weeks after the beginning of coculture, the numbers of hematopoietic cells in the coculture media were counted. The numbers of day 8 C m -S for the standard coculture or erythroid progenitors for erythroid-inducing coculture were assayed at week 3 as described above.
Detection of c-kit lisnd antigen in mouse spleen. Spleens were embedded in OCT compound (Miles Inc, Elkhart, IN) immediately after excision at room temperature and frozen in hexane at -80°C. Sections of 6-mm thickness were cut in a cryostat, flattened against the glass slides, air dried, and fixed in acetone at room temperature. These sections were used for immunohistochemical staining with AKL, using the ABC method as noted above.
RESULTS
Morphologic features of stromal cell lines. Stromal cell lines, SPY3-2 and SPY8-1, were obtained from spleen primary cultures in collagen gel. SPY3-2 had a fibroblastoid morphology and SPY8-1 had an endothelioid morphology as shown by phase-contrast microscopy (Fig 1, A and B) . Macrophages in the primary stroma had disappeared during the process of passage.
The immunocytochemical and cytochemical characteristics of these stromal cell lines are shown in Table 1 . Both cell lines were negative for endothelial cell markers. SPY3-2 was negative for alkaline phosphatase activity and did not differentiate into adipocytes in the presence of 1 pmol/L HC, ie, SPY3-2 did not have the characteristics of endothelial cells or BM preadipocytes. The characteristics of SPY8-1 were partly those of endothelial cells.
Capacity of spleen stromal cell lines to support longterm hematopoiesis in vitro. To investigate the capacity of spleen stromal cell lines to support long-term hematopoiesis in vitro, we cocultured nonadherent BM cells with stromal cell lines using Dexter-type medium.
A small number of discrete hematopoietic foci in the adherent cell layer appeared 3 days after the beginning of coculture with SPY3-2. Their size and number gradually increased with the coculture period, reaching a plateau after 3 weeks (data not shown). Some of these hematopoietic foci were maintained for more than 8 weeks. Some of the hematopoietic cells constituting these foci became nonadherent and were released into the coculture medium. The number of nonadherent hematopoietic cells in the coculture medium was maintained at around 1 X lo5 cells per dish (Fig  2A) . These cells consisted of -70% monocytes, 20% granulocytes, 10% blasts, and these proportions remained fairly constant throughout the experimental period (data not shown). Megakaryocytes were also consistently produced throughout the culture period; the number gradually increased from 3 X 102/dish at week 1 to 3 X 103/dish at week 5, and then decreased to 2 X 103/dish at week 6 (data not shown). Although the number gradually decreased, reaching 20% of the inoculated number at week 8, the number of day 12 CFU-S in the coculture was maintained for more than 6 weeks. The number of CFU-C in the coculture was maintained at a level comparable with that of inoculated number throughout the first 6 weeks (Fig 2B) .
When we used SPY8-1 or primary spleen stroma as the adherent layer for coculture, hematopoietic foci appeared in the adherent layer, but were maintained for only 3 weeks. Small numbers of CFU-C were detected in the coculture at week 1, but not at week 4 (Fig 2B) . The number of nonadherent hematopoietic cells in the coculture was less than that of SPY3-2 (Fig 2A) and the cells consisted of more than 90% monocytes (data not shown).
These results showed that spleen stromal cell line SPY3-2 supported the multilineal differentiation and survival of hematopoietic progenitor cells in vitro for more than 8 weeks.
Ervthropoiesis-inducing activity qf SPY3-2. When 2 U/ mL of rhEPO was added to the coculture medium, newly formed, nonresidual clusters of erythroblasts adhering to SPY3-2 were observed by the phase-contrast microscopy after 10 days of coculture and were released into the coculture medium after 2 weeks (Fig 3A) . The differentiation of erythroid cells was accelerated after week 4, which was preceded by a IO-fold increase in BFU-E at week 3 ( Fig  4A) . This erythropoiesis continued for more than 12 weeks, but the maturation of\many erythroid cells was arrested at the stage of proerythroblast after week 12 (data not shown). The percentage of erythroid cells in the coculture medium increased from 24% before culture to 80% at week 5 ( Fig  4B) . At all differentiation stages, the clusters of erythroid cells consisted of erythroblasts surrounding some central macrophages (Fig 3B) , some of which were enucleated and maturated into reticulocytes and red blood cells. Most of these erythroid cells, other than proerythroblasts, bore band 3 protein on their plasma membranes (Fig 3B) . SPY8-I or primary spleen stroma, on the other hand, did not support erythroid differentiation or the survival of BFU-E even in the presence of Epo (data not shown). These results showed that SPY3-2, rather than SPY8-I or primary stroma, supported the differentiation and proliferation of erythroid progenitors in the presence of erythropoietin.
Immunocytochemical and cytochemical analysis of adherent hematopoietic cells in cocultcrre with SPY3-2. Hematopoietic cells in coculture with SPY3-2 had monocytic (a-naphthyl butyrate), granulocytic (naphthol-ASD chloroacetate), and megakaryocytic (von Willebrand factor) markers; an erythroid (band 3 protein) marker was also shown only in the presence of rhEPO. However, lymphoid markers (Thy-l and B220) were not detected (data not shown). Cytochemical analysis confirmed that the hematopoietic foci adhering to SPY3-2 contained hematopoietic cells of three lineages.
CSA and BPA in IL-ICM. When we used the BM cells for the detection of BPA in preliminary experiments, IL-ICM plus 2 U/mL of rhEPO did not support the erythroid burst formation at a constant frequency. To detect the low level of BPA in the IL-ICM of stromal cell lines, we procured hematopoietic cells from erythroid-inducing coculture at week 16, more than 5% of which were BFU-E (Table 2) , and cultured in methylcellulose medium containing 50% of IL-ICM and 2 U/mL of rhEPO. To detect the GM-CSA in the IL-ICM of stromal cell lines, we cultured BM cells in methylcellulose medium containing 20% IL-ICM. To investigate the role of cytokines in colony formation, we added monoclonal neutralizing antimouse cytokine antibodies or control rat IgG to the methylcellulose culture medium. In the presence of I ng/mL of IL-3 or GM-CSF, 0.2 pg/mL of AIL-3 or I O pg/mL of AGM inhibited 1 0 0 % or 60% to 95% of FDCP-2 cell proliferation, respectively (as described in the supplied data sheet). In the preliminary experiments, we confirmed that 1 pg/mL of AIL-3 or 5 pg/mL of AGM inhibited the CSA of 200 U of IL-3 or GM-CSF and did not cross-react with each other. These results were consistent with previous studies using these antibodies.2s.2h Table 2 , SPY3-2 L-1CM supported the GM colony and erythroid burst formation at a level comparable with WEHI3 CM. GM colony formation and erythroid burst formation were inhibited by AIL-3 or AGM at a comparable level. SPY& 1 L-1CM also supported erythroid burst formation and GM colony formation at a level comparable with These results indicated that SPY3-2 and SPYS-1 produced L 3 and GM-CSF, both of which played a role as BPA or GM-CSA, but not enough for the long-term hematopoiesis and erythropoiesis in the coculture system, because SPYS-1 did not support the long-term hematopoiesis and erythropoiesis.
As shown in
Expression of c-kit ligand molecule by stromal cell lines. On Western blotting analysis, AKL detected a band of 53 SPY3-2 IL-1CM. kD and some minor bands between 50 and 70 kD in the cell lysate of SPY3-2, whereas no bands were detected in the cell lysate of SPYS-1 (Fig 5) . The molecular weight of the c-kit ligand was not changed when reducing buffer was used (data not shown). These results were consistent with those of a previous study and showed that SPY3-2 expressed ckit ligand of various molecular weights, which were not modified by disulfide bonds." c-kit ligand was produced in the absence of L-la! stimulation. In the L-1CM of SPY3-2, c-kit ligand was not detected by Western blotting analysis. L -3 or GM-CSF were not detected in the L-1CM or cell lysate of SPY3-2 by Western blotting.
These results indicated that SPY3-2 constitutively produced c-kit ligand, predominantly in the cell-bound form.
IL-3 and GM-CSF protein level in IL-ICM or coculture media. To detect small amounts of L -3 or GM-CSF, we performed ELISA on L-1CM and coculture media. As shown in Table 3 , SPY3-2 and SPYS-1 produced small amount of IL-3 and GM-CSF in response to IL-la stimulation. IL-3 and GM-CSF production was also detected in the erythroid-inducing coculture with SPY3-2 in the first 6 weeks. The IL-3 level in the erythroid-inducing coculture media at week 3 was comparable with that of IL-ICM, but the GM-CSF level was less than 10% of IL-ICM. SPY8-l produced level of IL-3 and GM-CSF comparable with that of SPY3-2. Such low levels of L 3 or GM-CSF do not support the colony formation of BM cells by itself. Thus, SPY3-2 must produce other humoral factors augmenting the activity of IL-3 or GM-CSF.
Expression of cytokine m-RNA by SPY3-2. By RT-PCR, mRNA expression of c-kit ligand, IL-3, and GM-CSF were detected in SPY3-2 (Fig 6) . The level of c-kit ligand mRNA expression was comparable with that of &actin. In contrast, Control, 1 pg rat IgG; AlL3, 1 pg neutralizing antimouse IL-3 antibody; AGM, 1 pg neutralizing antimouse GM-CSF antibody. 5 x lo3 hematopoietic cells procured from erythroid-inducing coculture at week 16 were stimulated with 50% IL-1CM or WEHI3 CM. it was necessary to increase the cycle of PCR to 45 times for the detection of IL-3 or to 48 times for GM-CSF mRNA. This result indicated that SPY3-2 stimulated with IL-la expressed IL-3 and GM-CSF mRNA at levels of roughly less than 0.1% of c-kit ligand mRNA.
Inhibition of SPY3-2-supported hematopoiesis by anticytokine antibodies. To investigate the role of c-kit ligand, IL-3, and GM-CSF in the in vitro hematopoiesis supported by SPY3-2, we used a neutralizing monoclonal antimouse c-kit ligand antibody, antimouse IL-3 antibody and antimouse GM-CSF antibody. In the presence of 5 ng/mL of ckit ligand, 40 pg/mL of AKL inhibited 50% of Mo-i'E cell proliferation (as described in supplied data sheet). The inhibitory activities of AIL-3 and AGM were described above.
In preliminary experiments, we confirmed that hematopoiesis and the number of CFU-C in LTBMC decreased to 25% of control culture when 2 pg/mL of AKL was added to the culture medium, whereas the growth of stromal cells was 46kD - not impaired (data not shown). On the basis of these results, CSA or BPA inhibition by neutralizing anticytokine antibodies, and the IL-3 and GM-CSF assay by ELISA noted above, we added anticytokine antibodies at various concentrations to cocultures with SPY3-2; the cocultures were continued, maintaining the concentration of antibody equal to that at the beginning of coculture.
As shown in Table 4 , AKL dose-dependently reduced the numbers of nonadherent hematopoietic cells, hematopoietic foci in the adherent layer (data not shown), and day 8 CFU-S in the standard coculture, without any toxic effects on SPY3-2. In the presence of 2 pg/mL of AKL, the percentages of granulocytes, megakaryocytes, and blasts constituting nonadherent hematopoietic cells markedly decreased, with a reciprocal increase in monocytes (data not shown), and the proportion of nonadherent hematopoietic cells was comparable with that in the coculture with SPYS-I, which did not produce c-kit ligand (described above). In contrast, AIL-3 or AGM slightly inhibited the maintenance of day 8 CFU-S and the differentiation of granulocytes and megakaryocytes.
Erythropoiesis was suppressed by AKL, AGM, or AIL-3 throughout the culture period. The suppression of erythropoiesis by AGM and AIL-3 was prominent after week 4 (data not shown). As shown in Table 3 , AKL markedly suppressed the proliferation of BFU-E and differentiation of erythroid cells in the coculture, whereas the inhibition by AIL-3 or AGM was limited.
These results showed that c-kit ligand molecule played a crucial role in the long-term hematopoiesis and erythropoie- sis supported by SPY3-2; IL-3 and GM-CSF played definite roles, especially in the erythropoiesis after week 4, despite their low concentration in the coculture media (as described above). Distribution of c-kit ligand in mouse spleen. To elucidate the distribution of c-kit ligand in mouse spleen, we stained frozen sections of mouse spleen with AKL using the ABC method. As shown in Fig 7, c-kit ligand was detected in the hematopoietic foci beneath the splenic capsule and around the trabecula in the red pulp.
DISCUSSION
The HIM in mouse spleen is considered to be constructed by various types of stromal cells such as fibroblasts, reticulum cells, endothelial cells, macrophages, and lymphocytes other than preadipocytes and adipocytes. Of these cells, central and endothelial cells"'.'* have been shown to play an important role in erythropoiesis. However, stromal cells that support the long-term survival and differentiation of HSCs have not been shown, and the histologic identity of such stromal cells has not been defined, although much in vivo data has suggested their presence.'.* In this study, using Dexter's culture medium, we showed that a clonal spleen stromal cell line, SPY3-2, supported the longterm survival and multilineal differentiation of hematopoietic progenitor cells, predominantly to erythroid cells in the presence of rhEPO; SPY3-2 was morphologically and cytochemically distinct from macrophages, endothelial cells, and preadipocytic stromal cells of BM. Therefore, SPY3-2 fulfills the requirements of stromal cells that support the constitutive hematopoiesis in mouse spleen. This cell line appears to be a counter-part of preadipocytic cell lines from BM that support constitutive hematopoiesis.
The function of c-kit and its ligand in constitutive hematopoiesis in BM has been the subject of recent investigations. Both in vivo and in vitro data have shown that c-kit and its ligand play a crucial role in the survival and self-renewal of hematopoietic progenitor cells in It has also been suggested in an in vivo experiment with the steel mouse' and in recent experiments with anti-c-kit antibody""" that hematopoiesis in mouse spleen is largely dependent on c-kit and its ligand. In contrast, in an in vitro study in which . . hematopoiesis in spleen culture was compared in steel and athymic mice, it was suggested that hematopoiesis in mouse spleen was dependent on T lymphocytes rather than steel factor (c-kit ligand)." This discrepancy between the in vivo and in vitro findings has not been adequately explained. However, we believe that the findings presented here support the former hypothesis, and that they suggest that spleen stroma expressing the c-kit ligand also plays a crucial role in supporting the survival and differentiation of hematopoietic progenitor cells in mouse spleen.
It was shown that CFU-S transplanted into lethally irradiated mice lodged and proliferated in subcapsular or peritrabecular region of red pulp." This site was comparable with the distribution of c-kit ligand in mouse spleen as noted above. Thus, SPY3-2 seemed to be derived from stromal cells in the hematopoietic foci beneath the capsule or around the trabecula.
The capacity of SPY3-2 to support the maintenance and differentiation of multipotential and myeloid progenitors in vitro was lower than that of a preadipocytic cell line reported by Kodama et al,"," but comparable with that of a BM stromal cell line reported by Rios et all3 or to that of LTBMC'.'' However, the capacity to support the proliferation of BFU-E and differentiation to erythroid cells in vitro was much higher than that of BM stromal cell line and long-term BM cultur2' and was comparable with that of spleen in vivo.'.* This result indicates that SPY3-2 must produce cytokines with BPA. In addition to the high-level expression of c-kit ligand, SPY3-2 produced low levels of IL-3 and GM-CSF. All of these molecules have been reported to have esis under our coculture conditions. The level of IL-3 or GM-CSF in the coculture media was too low to induce the in vitro colony formation by itself, but such low levels of IL-3 or GM-CSF have been reported to have a biologic activity and to be involved in the constitutive hematopoiesis in LTBMC?".4' Two mechanisms have been reported to explain the activity of such low levels of cytokine in the longterm culture; first, the presence of other cytokines augmenting the effect of IL-3 or GM-CSF in the coculture such as c-kit ligand (mentioned above)42 and, probably, IL-6 (neutralizing antimouse IL-6 antibody markedly suppressed the erythropoiesis in the coculture [data not ~hown])~'; second, the adhesion of secretery cytokines to extracellular matrix resulting in the increased local concentration in stromal cell layer.". 45 In the coculture with SPY3-2, the first mechanism was involved as mentioned above. The second mechanism is excellent for explaining the role of IL-3 and GM-CSF in the long-term culture system, but was not confirmed in the coculture with SPY3-2. Thus, expression of these three cytokines may define the pattern of hematopoiesis and erythropoiesis supported by SPY3-2. Recently, a primate BM stromal cell line was established, which has the fibroblastoid morphology and supports the long-term proliferation of human erythroid progenitor^.'^ A novel cytokine, IL-ll, was cloned from this primate stromal cell line and was reported to stimulate the multiple phases of erythropoie~is.4~"' SPY3-2 had similar characteristics to this primate stromal cell line. Thus, SPY3-2 may produce IL-11. This possibility must be examined in subsequent studies.
Dexter et al"' reported that erythropoiesis was induced in LTBMC by addition of EPO and normal mouse serum to the medium, normal mouse serum being required for the differentiation of erythroid cells. In contrast, SPY3-2 induced erythropoiesis in the absence of normal mouse serum, indicating that this cell line may produce those humoral factors essential for erythropoiesis that are contained in normal mouse serum.
SPY3-2 constitutively supported megakaryopoiesis, and the capacity to support the proliferation of megakaryocyte was much higher than those of LTBMC or LTBMC in colla-.
Stromal cell lines derived from BM have not been reported to support long-term differentiation of megakaryocyte in vitro. Thus, it seems likely that SPY3-2 reconstructs the HIM preferential to megakaryopoiesis in vitro.
It has been reported that hematopoiesis-supporting stromal cells might be slow-growing, and some investigators have successfully established stromal cell lines from BM on the BpA27.37-39 and have played important roles in the erythropoigen ge] 3.13. 48 For personal use only. on September 24, 2017. by guest www.bloodjournal.org From basis of this hypothesis."." SPY3-2 is also a slow-growing cell line (data not shown). Considering this feature of hematopoiesis-supporting cells, taken together with the observations of LTBMC in collagen collagen gel culture was thought to provide suitable conditions for the growth of functioning stromal cells that were slow growing and highly differentiated. Primary culture in collagen gel may be suitable for the culture of the stromal cells of human BM and other lympho-hematopoietic organs.
